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1. Introduction

Paper [1] outlines prospects for modernization. It takes 
into consideration an analysis of existing information on the 
features of thermomodernization of residential buildings and 
constructions. It considers modernization as part of a system 
of central water heating and facade heat insulation. It notes, 
specifically, that such a modernization should take into 
consideration many factors, including geometrical, physical 
and heat engineering parameters of facade walls, location of 
window openings, the existence of decorative elements and 
gutters, designed temperature mode of operation. Optimal 
design parameters and material for both transit pipelines 
and facade heat insulation are equally important for practi-
cal application.

The study substantiates the developed technical solu-
tions for improving energy efficiency. Underlying it is a 
series of experimental-numerical and calculation studies. It 
provides effective structural parameters and material for the 
examined elements of a thermomodernization (thermal san-
ation) system of residential buildings and structures whose 
operation started before the 90-ies of the last century.

Estimates by international experts on thermomodern-
ization confirm the relevance of the research conducted. 
According to the calculations, it is necessary to spend about 
UAH 300 billion for heat insulation of individual houses 
in Ukraine. And the amount is not less than UAH 400 bil-
lion for multi-apartment buildings [2]. That is, the cost of 
energy-efficient solutions that are to be made based on the 
research results is too high, therefore, such solutions require 
thorough investigation, in particular, preliminary modeling.

2. Literature review and problem statement

We should note that the confirmation of any hypotheses 
or developed technical solutions for improvement of energy 
efficiency of residential buildings and structures is typically 
performed experimentally. It also takes into consideration 
the existing normative and technical documentation and 
results of research into this topic.

Article [1] states that the modernization of a heating sys-
tem together with an insulation of a facade wall (equivalent 
to facade insulation), in particular, based on determining a 
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thermal resistance index of building structure R, is one of 
the defining stages of thermomodernization. It is advisable 
to carry out numerical modeling taking into consideration 
many factors, including design modes of operation of build-
ings and structures, as well as structural and heat engi-
neering indicators to significantly reduce a number of field 
experiments.

Papers [3–5] represent regulatory and technical basis for 
the implementation of thermomodernization of Ukrainian 
buildings and structures. Study [3] considers guidelines 
for the implementation of thermomodernization of residen-
tial buildings in the form of DSTU B V.3.2-3: 2014. DBN 
(State Construction Standards) В.2.6-31: 2016 relate to the 
thermal insulation of buildings [4]. Brochure [5] outlines a 
number of technical aspects for the implementation of ther-
momodernization in the form of project documentation.

Authors of paper [6] applied model approaches. They 
proposed using a polyoptimal method based on the theory 
of fuzzy sets to determine effective schemes of thermomod-
ernization of buildings and structures. There are numerical 
evaluation and experimental verification of a frequency 
of natural fluctuations of buildings before and after their 
thermomodernization in article [7]. Study [8] investigates 
various aspects of thermomodernization of a building and 
how it affects an internal microclimate of premises. Paper 
[9] describes the effect of thermomodernization of buildings 
and structures on the energy-efficient use of energy carriers.

Authors of article [10] analyze influence of the proposed 
technical solutions on thermomodernization of a residential 
building on the achievement of energy efficiency indicators. 
Paper [11] proposes a mathematical model that describes the 
dynamics of behavior of a centralized heating system during 
maintenance of buildings and structures. Work [12] is part 
of the above-mentioned integrated approach. It describes the 
expediency of using structural-parametric models to study 
complex structures and technologies using a specific exam-
ple. Such models make it possible to illustrate and analyze 
relationships between structural elements of the examined 
system or a technology in general.

Paper [13] proposes simpler technical solutions for ther-
momodernization, in particular, using another insulation ma-
terial, which provides air diffusion. It states that such material 
will contribute to an increase in energy efficiency of facade 
insulation of buildings and structures. Work [14] describes an 
analysis of results of modeling of energy efficiency parameters 
for facades of buildings and structures based on the obtained 
thermographic 3D models and orthogonal images. Paper [15] 
states that it is necessary to combine an external insulation 
system with any type of insulation to achieve the best result 
on energy efficiency for all climatic zones of location of build-
ings and structures. Article [16] suggests a procedure for the 
estimation of an external thermal insulation composition sys-
tem used for the insulation of buildings and structures taking 
into consideration various factors. 

Study [17] describes mathematical modeling of thermal 
characteristics in buildings of different types. The modeling 
involves calculation of thermal energy taking into consider-
ation a loss of convection from an external facade of a build-
ing, the energy of the Sun, and operating internal loads due 
to mass-dimensional characteristics of a constructed struc-
ture. Article [18] reports a study into non-traditional system 
of house heating constructed in the form of a radiating panel. 
Heating by the radiation of panels regulates the temperature 
mode of a house.

Work [19] describes a new model for studying ther-
mophysical properties of switching insulation, so-called 
U-element. The U-element model structurally contains a 
double-glass unit. Glass has a form of a semi-transparent 
insulating panel installed inside. In paper [20], authors 
propose effective natural heat-insulating materials, which 
are used for facade insulation made of hemp fiber biomass. 
Such materials have a relatively low density compared to 
other heat-insulating materials, and, in addition, a porous 
structure.

Paper [21] analyzes a model proposed by authors for 
a building with a ventilated facade, based on which it 
is possible to make calculations concerning the energy 
demand of a building’s facade, taking into consideration 
values of temperatures in the outer layer of a facade and 
inside its cavity.

Low-frequency ultrasonic processing of liquid poly-
meric raw materials used in the formation of porous facade 
composite insulation materials is an effective method that 
increases productivity of such a formation [22]. It is mainly 
executed at the stage of extrusion of thermoplastics in the 
manufacture of heat-insulating composite materials [23]. 
Paper [24] describes features of calculation and experimen-
tal verification of structural and technological parameters 
of an ultrasonic cavitation device based on a rectangular 
radiating plate, which performs bending vibrations along 
and across a radiating plate. It is advisable to use such a 
technique and a device in the production of innovative 
thermal insulation elements made of polymer composite 
materials.

However, we should note that the above analysis of the 
scientific literature reveals a relatively small number of pub-
lications devoted to this problem, despite its relevance. It is 
also worth noting that universal energy-efficient solutions, 
scientifically based on results of experimental numerical 
calculations, are limited. Thus, the scientific substantiation 
of the designed project construction and technical solutions 
developed to improve energy efficiency of existing buildings 
and structures is an important present-day task. It is prom-
ising both for enterprises in construction industry and for 
utilities companies in the communal economy.

3. The aim and objectives of the study

The aim of present study is to perform numerical and 
experimental-and-calculation modeling of the developed 
innovative design and constructional and technological 
solutions concerning significant reduction of energy con-
sumption of existing buildings and structures of the facilities 
in operation longer than 30 years while conducting thermo-
modernization of Ukrainian buildings and structures. This 
is supposed to be done based on the improvement of a heat-
ing system and facade insulation, taking into consideration 
international experience.

It is necessary to solve the following tasks to accomplish 
the objective:

– development of innovative design and constructional 
and technological solutions for a significant reduction of 
energy consumption of existing buildings and structures of 
the Ukrainian housing stock;

– modeling of the proposed design solutions based on 
numerical calculations with the subsequent confirmation 
of the obtained results of calculations by field experiments;
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– scientific substantiation of effective design parameters 
and material of elements of a heating system and facade 
insulation.

4. The examined design and constructional-and-
technological solutions for thermomodernization

Fig. 1–9 show the examined design and construction-
al-and-technological solutions for thermomodernization of 
buildings and structures.

We accepted the following designations for Fig. 1–7: 
1 – existing external (facade) wall of a thermomodernized 
building (hereinafter ‒ a wall); 2 – a layer of equivalent fa-
cade insulation (hereinafter ‒ facade insulation); 3 – an ad-
hesive layer intended for fastening of facade thermal insula-
tion to the existing external wall; 4 – a liquid heat-transfer 
agent; 5 – a layer of equivalent pipe heater; 6 – new transit 
pipelines of two-pipe system of central water heating 
(hereinafter ‒ pipelines); 7 – a heating device with a side 
connection; 7’ – a heating device with a lower connection; 
8 – a distribution overhead comb; 9 – a new indent made in 
the existing wall 1 or in facade heat insulation 2 (hereinaf-
ter – an indent); 10 – a through hole in the existing wall 1; 
11 – windows or translucent constructions; 12 – radiator 
fittings; 13 – an external protective layer that protects 
facade heat insulation 2 from atmospheric precipitation  
and/or ultraviolet radiation; D – an outer diameter of 
pipelines, mm; BD – depth (height) of an indent, mm;  
BW – width of an indent, mm; Bmin – thickness of a facade 
heat insulation layer 2, mm; Bmin.UA – thickness of a layer 
of equivalent facade insulation in accordance with the cli-
matic zones of Ukraine, mm; δТ ‒ thickness of an equivalent 
layer of thermal insulation, mm.

Fig. 1 shows the general scheme of a system of complex 
thermomodernization of buildings and structures [25]. We 
investigate its individual elements and its method of im-
plementation [26] in the present paper. Roman numerals 
(II‒XVII) mark individual elements (design solutions) of 
the thermomodernization system in Fig. 1. Fig. 2–5 present 
them separately, and they are marked accordingly in the 
upper part of these figures.

Fig. 2 shows the design solutions (II–V) for the location 
of heating devices with a lower connection (Fig. 2, a, c)  
and a side connection (Fig. 2, b, d) of thermostatic valve 
12 to pipelines 6, which are located in indents made in 
the wall 1 at the side of its attachment to facade heat 
insulation 2.

Fig. 3 shows the fragments (VI–IX) of wall section 1. It 
presents two pipelines 6 in indents of rectangular (Fig. 3, a),  
triangular (Fig. 3, b) and arched (Fig. 3, c) forms. It also 
shows location of one pipeline 6 in rectangular indents  
(Fig. 3, d).

Fig. 4 shows the fragments (X–XIII) of wall section 1. It 
presents one pipeline 6 located in indents of the rectangular 
(Fig. 4, a) or arched (Fig. 4, b) forms, as well as the arrange-
ment of two pipelines 6 in rectangular indents (Fig. 4, c) 
or triangular indents (Fig. 4, d) forms made in the layer of 
facade heat insulation 2.

Fig. 5 shows the fragments (XIV–XVII) of wall sec-
tion 1. It presents two pipes 6 in indents of arch (Fig. 5, a) 
form and location of one pipe 6 in indents of rectangular 
(Fig. 5, b), triangular (Fig. 5, c) and arched (Fig. 5, d) 

forms, which are made in the layer of facade heat insula-
tion 2.

Fig. 6, 7 show calculation-and-experimental results of 
design solutions when placing pipes 6 in two variants (A) 
and (B), each of which includes three calculation-and-ex-
perimental cases. Thus, for the variant (A), we placed new 
pipelines 6 into indent 9 made in wall 1 at the side of its 
attachment to facade insulation 2 (calculation-and-ex-
perimental cases number 4, number 5, number 6). For the 
variant (B), we placed 6 pipes into indent 9, which was 
made in facade insulation 2 at the side of its attachment 
to existing wall 1 (calculation-and-experimental cases 
Nos. 1, 2, 3).

Fig. 7 also shows graphical dependences of the tempera-
ture fall of heat carrier 4 over time in pipelines 6 in two 
operating modes when the thickness of a layer of the facade 
insulation Bmin varies. Estimated (normative) temperature 
is Т=+80 оС.

Fig. 8, 9 represent results of experimental-and-nu-
merical studies on the distribution of temperature T in 
the investigated elements of the thermomodernization 
system. The estimated temperature inside a room is  
Т=+20 °С.

Fig. 1. General scheme of the examined system of complex 
thermomodernization of a building

a                                 b  

c                          d 

Fig. 2. Examined design solutions (II–V) for  
the location of heating devices with the connection of 

thermostatic valve 12 to pipelines 6, which are located in  
the indents executed in wall 1 at the side of its attachment to 

facade insulation 2: a, c – bottom connection;  
b, d – side connection
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a                          b  

c                           d 

Fig. 3. Fragments (VI–IX) of wall section 1 where there are 
one or two pipelines 6 in the indents of different geometrical 
forms: a – location of two pipelines 6 in rectangular indents; 

b – location of two pipelines 6 in triangular indents;  
c – location of two pipelines 6 in arched indents;  

d – location of one pipeline 6 in rectangular indents

a                              b  

c                         d 

Fig. 4. Fragments (X–XІІІ) of wall section 1 or the layer of 
facade heat insulation 2 where there are one or two pipelines 
6 in the indents of different geometrical forms: a – location 

of one pipeline 6 in the indent of rectangle form with identical 
catheti executed in wall 1; b – location of one pipeline 6 in 

an arched indent made in wall 1; c – location of two pipelines 
6 in rectangular indents made in the layer of facade heat 
insulation 2; d – location of two pipelines 6 in triangular 

indents made in the layer of facade heat insulation 2

Fig. 6. Temperature change in elements of the building 
structure depending on thickness of the facade insulation 

Bmin.UA for calculation-and-experimental cases  
No. 1 – No. 3 at the location of pipelines 6 in the wall, and 
for calculation-and-experimental cases No. 4 – No. 6 at the 

location of pipelines 6 in the layer of facade heat insulation 2, 
with constant thickness of adhesive layer 3:  

 – calculation-and-experimental case No. 1,  
Bmin.UA=50 mm;  – calculation-and-experimental case 

No. 2, Bmin.UA=100 mm; — calculation-and-experimental case 
No. 3, Bmin.UA=150 mm;  – calculation-and-experimental 

case No. 4, Bmin.UA=50 mm;  
 – calculation-and-experimental case No. 5,  

Bmin.UA=100 mm;  – calculation-and-experimental case 
No. 6, Bmin.UA=150 mm

a 

b 
Fig. 7. Changes in the temperature of heat-transfer agent 4 

over time in pipelines 6 due to the design  
temperature of a heat-transfer agent Т=+80 оС to Т=0 оС: 

a – at Bmin=50 mm; b – at the complete cessation of a 
movement of a heat-transfer agent at Bmin=100 mm

 

 

 

 

 

a                          b                           c                           d 

Fig. 5. Fragments (XIV–XVII) of wall section 1 where there 
are one or two pipelines 6 in indents of various geometrical 
shapes made in the layer of facade insulation 2: a – location 

of two pipelines 6 in arched indents; b – location of one 
pipeline 6 in rectangular indents; c – location of one pipeline 

6 in triangular indents; d – location of one pipeline 6 in 
arched indents
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Fig. 8, a–c shows temperature distribution in the ele-
ments of the thermomodernization system with a different 
thickness of Bmin of the facade heat insulation 2.

а                                 b                                 c 

Fig. 8. Temperature distribution in elements of the 
thermomodernization system with variable thickness of  

the facade insulation Bmin for calculation-and-experimental 
cases Nos.1–3 of the indents in wall 1:  

a – calculation-and-experimental case No. 1, Bmin=50 mm; 
b – calculation-and-experimental case No. 2, Bmin=100 mm; 
c – calculation-and-experimental case No. 3, Bmin=150 mm

Fig. 9, a–c, shows temperature distribution in the ele-
ments of the thermomodernization system with a variable 
thickness Bmin of the facade heat insulation 2.

а                                 b                                 c 

Fig. 9. Temperature distribution in the elements of the 
system of thermomodernization with variable thickness of 
the facade insulation Bmin for calculation-and-experimental 
cases Nos. 4–6 of the indents in facade heat insulation 2: 
a – calculation-and-experimental case No. 4, Bmin=50 mm; 

b – calculation-and-experimental case No. 5, Bmin=100 mm; 
c – calculation-and-experimental case No. 6, Bmin=150 mm

We should determine optimal parameters and effective 
materials for the creation of structural elements of the sys-
tem, including the optimal thickness of Bmin layer of facade 
heat insulation 2 and geometrical parameters of pipelines 6 
both experimentally and in the experiment-and-calculation 
procedure. Heat cuts (Fig. 9) can be simulated graphically 
using the software and computational capabilities in the 
environment of the universal programming system of a finite 
element analysis.

We used the following parameters and characteristics, 
as well as operating conditions, for calculation-and-exper-
imental cases (Nos. 1–6). The ambient temperature was  
Т=–22 °С; the design temperature of the heat-transfer agent 
4 was Т=+80 °С.

We used the following materials. Wall material 1 − foam 
concrete, wall thickness − 250 mm. Characteristics of foam 
concrete in the dry state: density – 1,000 kg/m3; specific 
heat capacity – 0.84 kJ/(kg∙°С); coefficient of thermal con-
ductivity – 0.29 W/(m2∙°С); calculation coefficient of ther-
mal conductivity – 0.47 W/(m2∙°С).

Facade thermal insulation 2 − PSB-S-25 foam plastic 
with the following characteristics: density − 25 kg/m3; spe-
cific heat capacity − 1.26 kJ/(kg∙°C); coefficient of thermal 

conductivity – 0.039 W/(m2∙°С); calculation thermal con-
ductivity – 0.042 W/(m2∙°С).

Material of pipelines 6 − polypropylene with the follow-
ing characteristics: density − 900 kg/m3; specific heat capac-
ity − 1.93 kJ/(kg∙°C); coefficient of thermal conductivity –  
0.22 W/(m∙°C); calculated thermal conductivity coefficient − 
0.22 W/(m2∙°C). The diameter of pipelines 6 was D=20 mm, 
thickness of the wall of the pipelines was 6−2.8 mm.

Equivalent pipe insulation 5 – the foamed polyethylene, 
which is mounted above pipelines 6, with the following 
characteristics: density − 40 kg/m3; specific heat capacity –  
1.8 kJ/(kg∙°C); coefficient of thermal conductivity –  
0.37 W/(m2∙°С); calculated thermal conductivity coeffi- 
cient − 0.037 W/(m2∙°C). Thickness of the insulation of pipe-
lines 6 was δТ=13 mm.

Adhesive seam. We added an adhesive seam between the 
existing wall 1 and the facade insulation. The properties of 
the adhesive seam are as follows: density ρ=1,800 kg/m³; 
specific heat capacity c=0.84 kJ/(kg∙°C); coefficient of ther-
mal conductivity for conditions “B” λ(B): 0.93 W/(m2∙°C).

The study also took into consideration (designed or 
estimated) the coefficient of resistance of external enclos-
ing structure Rs., m2∙K/W, which determines the ratio of 
a temperature difference on both sides of heat-insulating 
material to a value of the heat flow, which passes through the 
heat-insulating material. The coefficient depends on the ap-
plied temperature zone of Ukraine according to DBN (State 
Construction Standards) [4].

5. Distribution of a temperature field inside a building 
structure

We investigated the distribution of temperature field T 
inside the building structure of a thermomodernized build-
ing experimentally and by calculation. In this case, pipelines 
6 are located in indent 9 made in wall 1 at the side of its 
attachment to the facade heat insulation 2 of the thermo-
modernized building.

We found that an average temperature inside the build-
ing structure increases with an increase in thickness of Bmin 
of the layer of facade heat insulation 2. For example, there is 
an increase in the average temperature inside the building 
structure from T=40 °C up to T=42 °C with an increase in 
thickness of Bmin of the layer of facade insulation 2 from  
50 mm to 100 mm. Fig. 6 illustrates a given case.

There is an increase in the average temperature inside 
the building structure from Т=40 оС to Т=44 оС with an 
increase in thickness of Bmin of the layer of facade heat in-
sulation 2 from 50 mm to 150 mm. It also contributes to the 
additional drainage of the building structure, which increas-
es the efficiency of the system of integrated thermomodern-
ization indirectly, and, in turn, leads to an improvement in 
thermal characteristics of the thermomodernized building.

We calculated the time required for heat-transfer agent 4 
to reach the limiting temperature Т=0 °C at the complete 
cessation of heat-transfer agent 4 movement in the calcu-
lation-and-experimental cases No. 4–6. This can occur, for 
example, in the case of a pump failure or temporary interrup-
tions of electricity supply.

In this case, we considered three values of thickness of 
the facade heat insulation 2: Bmin=50 mm, Bmin=100 mm, 
Bmin=150 mm. We found that the cooling of heat-transfer 
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agent 4 from Т=+80 °С to Т=0 °С occurs at Bmin=50 mm in 
16 hours (Fig. 7, a). Sometimes, such cooling can lead to a 
violation of the integrity of pipelines 6.

The cooling of heat-transfer agent 4 from T=+80 °С to 
T=+8 °С occurs at Bmin=100 mm in 16 hours (Fig. 7, b). The 
temperature of heat-transfer agent 4 becomes stable after  
23 hours at the level T=+5 °C and stays the same for  
48 hours. We did not carry out calculations for the thick- 
ness of equivalent facade insulation 2, which is Bmin=150 mm, 
because at a thickness of Bmin=100 mm, even after 48 hours, 
there is no freezing of heat-transfer agent 4, which indicates 
that freezing of heat-transfer agent 4 will not happen either 
at Bmin=150 mm.

Based on the above analysis, we determined experi-
mentally that the minimum thickness of Bmin for facade 
insulation 2 should be Bmin=100 mm for the investigated 
temperature regime and operating conditions (temperature 
zone). The same value of Bmin correlates with characteristics 
of the materials used, the geometry of pipelines and facade 
heat insulation 2. Such a thickness of the equivalent facade 
insulation layer 2 prevents destruction of pipelines 6 under 
the mode of intensive operation.

It follows from the above calculation-and-experimental 
cases that the optimal placement of pipelines 6 is the location 
in indents 9 made in wall 1, and covered further by a layer 
of the equivalent thermal insulation 2 with a thickness of 
Bmin=100 mm.

The developed technical solution also improves the hy-
draulic mode of heat-transfer agent 4 movement and possi-
bility of using both high- and low-temperature heat-transfer 
agent 4. This is due to the fact that modern heat sources have 
a maximum efficiency when working under a low tempera-
ture mode.

Fig. 7, a shows a change in the temperature of heat-trans-
fer agent 4, which flows in pipelines 6, with time t50= 
=16 hours at the complete cessation of its motion and thick-
ness of the layer of facade insulation 2 Bmin=50 mm (the 
subscript at t50). Fig. 7, b shows a change in the temperature 
of heat-transfer agent 4, which flows in pipelines 6, with time 
t100=16 hours at the complete cessation of its motion and 
thickness of the layer of facade insulation 2 Bmin=100 mm 
(the subscript at t100).

Thus, we established that the time of the heat-transfer 
agent 4 cooling depends on the diameter D of pipelines 6 
and it changes proportionally at the complete cessation of 
its flow through pipelines 6. However, after a certain time, 
the freezing of heat-transfer agent 4 occurs. This means 
that thickness Bmin=50 mm of facade insulation 2 is not 
applicable in those heating systems where a heat-transfer 
agent movement can be completely stopped. The value of 
parameter t50 varies from 8 hours to 19 hours, which is 
generally inappropriate, because heat-transfer agent 4 may 
technologically freeze during this time. At the same time, 
an increase in the thickness of facade insulation 2 to Bmin= 
=100 mm (Fig. 7, b) leads to a 100 % protection against 
freezing of pipelines 6 even at the complete stop of the 
heat-transfer agent 4 movement.

6. Investigation of temperature values on the surface of a 
facade insulation

In the calculation-experimental case No. 1 (Fig. 8, a), 
pipelines 6 are located in indent 9 made in the layer of fa-

cade insulation 2 at the side of its attachment to wall 1; the 
temperature on the surface of facade heat insulation 2 at a 
thickness Bmin=50 mm is Т=+41.7 °С.

In the calculation-experimental case No. 4 (Fig. 9, a), 
pipelines 6 are located in indent 9 made in wall 1 at the side 
of its attachment to facade insulation 2; the temperature on 
the surface of facade heat insulation 2 at thickness Bmin= 
=50 mm is Т=–3.5 °С.

For calculation-experimental cases No. 1 and No. 4 with 
the same thickness of facade insulation 2, which is Bmin= 
=50 mm, thermal losses in the surrounding space are sig-
nificantly reduced. The temperature on the surface of facade 
insulation 2 in case No. 1 is ΔТ=+41.7 °С, and in case No. 4 is 
Т=–3.5 °С, which makes the absolute difference in ΔТ=45.2°С 
between these calculation-and-experimental cases. This, in 
turn, leads to a reduction in thermal losses in the surrounding 
space, affects the cooling of heat-transfer agent 4, and leads to 
heat losses at the calculation temperature of the outside air, 
which is Т=–22 °С directly proportionally.

It also follows from the above that the location of 
pipelines 6 in indents 9 made in walls 1 at the side of its 
attachment to facade insulation 2, the calculation-and-ex-
perimental case No. 1 (Fig. 8, a), reduces thermal losses 
substantially (by 92 %) in comparison with the calculation 
and experimental case No. 4 (Fig. 9, a) when pipelines 6 are 
placed in indents 9 made in facade heat insulation 2 at the 
side of its attachment to wall 1.

In the calculation-and-experimental case No. 2 (Fig. 8, b), 
pipelines 6 are located in indent 9 made in the layer of facade 
heat insulation 2 at the side of its attachment to wall 1; the 
temperature on the surface of facade heat insulation 2 at 
thickness Bmin=100 mm is Т=+24.7 °С.

In the calculation-and-experimental case No. 5 (Fig. 9, b), 
pipelines 6 are located in indent 9 made in wall 1 at the side 
of its attachment to facade insulation 2; the temperature 
on the surface of facade heat insulation 2 at a thickness 
Bmin=100 mm is Т=–10.2 °С.

For calculation-and-experimental cases No. 2 and No. 5 
with the same thickness of facade thermal insulation 2, 
which is Bmin=100 mm, the thermal losses in the surrounding 
space are substantially reduced. Indeed, the temperature on 
the surface of facade heat insulation 2 in the case No. 2 is 
T=+24.7 °C, and in the case of No. 5, is T=−10.2 °C, which 
makes the absolute difference in ΔT=34.9 °С between two 
calculation-and-experimental cases No. 2 and No. 5. This, in 
turn, leads to a decrease in thermal losses in the surrounding 
space, directly proportional to the cooling of heat-transfer 
agent 4 and to heat losses at the designed temperature of the 
outside air, which is Т=–22 °С.

It also follows that the location of pipelines 6 in indents 
9 made in walls 1 at the side of attachment to facade insula- 
tion 2, the calculation-and-experimental case No. 2 (Fig. 8, c), 
reduces thermal losses substantially (by 70 %) in comparison 
with the calculation-and-experimental case No. 5 (Fig. 9, b) 
with the placement of pipelines 6 in indents 9 made in facade 
heat insulation 2 at the side of its attachment to wall 1.

In the calculation-experimental case No. 3 (Fig. 8, c), 
pipelines 6 are located in indent 9 made in the layer of facade 
heat insulation 2 at the side of its attachment to wall 1; the 
temperature on the surface of facade heat insulation 2 at 
thickness Bmin=150 mm is Т=+16 °С.

In the calculation-experimental case No. 6 (Fig. 9, c), 
pipelines 6 are located in indent 9 made in wall 1 at the side 
of the attachment of facade heat insulation 2 to it; the tem-
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perature on the surface of facade insulation 2 at thickness 
Bmin=150 mm is Т=–13.4 °С.

We determined that in the case of the location of 
pipelines 6 in indents 9 made in wall 1, the temperature 
on the surface of facade heat insulation 2 is: for the cal-
culation-and-experimental case No. 4 (Fig. 8, a) at Bmin= 
=50 mm, T=−3.5 оC. For the calculation-and-experimental 
case No. 5 (Fig. 8, b) at Bmin=100 mm, the temperature on 
the surface of facade thermal insulation 2 is T=−10.2 °C; 
for the calculation-and-experimental case No. 6 (Fig. 8, c) 
at Bmin=150 mm, T=−13.4 °C. We found that in the case of 
the location of pipelines 6 in indents 9 made in facade heat 
insulation 2 the temperature on facade heat insulation 2 is: 
for the calculation-and-experimental case No. 1 (Fig. 9, a) 
at Bmin=50 mm, T=+40 оC. For the calculation-and-exper-
imental case No. 2 (Fig. 9, b) at Bmin=100 mm, the tem-
perature on the surface of facade heat insulation 2 is: T= 
=+24.7 оC; for the calculation case No. 3 (Fig. 9, c) at 
Bmin=150 mm, T=+16°C.

The above results regarding the temperature values on 
the surface of facade heat insulation 2 optimize its thickness 
Bmin indirectly.

7. Optimization of thickness of the facade insulation

For calculation-and-experimental cases No. 3 and No. 6 
at the same thickness of facade insulation 2, which is Bmin= 
=150 mm, thermal losses in the surrounding space are sub-
stantially reduced. After all, the temperature on the surface 
of the equivalent facade heat insulation 2 in case No. 3 is 
Т=+16 °С, and in the case of No. 6 is Т=–13.4 °С. This makes 
the absolute difference ΔТ=29.4 °С between these calcula-
tion-and-experimental cases.

In turn, this leads to a decrease in thermal losses in 
the surrounding space, affects the cooling of heat-transfer  
agent 4 and thermal losses directly proportionally at the cal-
culation temperature of the outside air, which is Т=–22 °С.

In the absence of a technological possibility for the 
placement of pipelines 6 in indents 9 made in wall 1 at 
the side of the attachment to the facade insulation, the 
minimum thickness of Bmin of heater 2 should be not less 
than 150 mm. This is due to the fact that for this thickness 
of facade heat insulation 2 temperature on its surface is 
Т=+16°С. This is an acceptable value for the permissible 
thermal losses of pipelines 6 that are used for external 
laying.

At thickness of equivalent facade insulation 2, which 
is less than 150 mm, the temperature on the surface of the 
equivalent facade heat insulation 2 raises to Т=+40 °С. This 
is unacceptable for the permissible thermal losses of pipe-
lines 6 that are used for external laying.

In the calculation-and-experimental cases No. 4, No. 5 
and No. 6, the pipelines 6 are located in indents 9 made in 
wall 1 at the side of its attachment to facade heat insula- 
tion 2, and covered with a layer of facade insulation 2 of 
thickness Bmin. With an increase in thickness of Bmin. of fa-
cade insulation 2 from 50 mm to 150 mm there is a decrease 
in the temperature on the surface of facade heat insulation 2 
from T=−3.5 оС to T=−13.4 оС.

The results of these calculations also determine the op-
timal range of thickness of facade heat insulation 2, which is 
(50−150) mm for Ukraine.

8. Effective forms of making indents for pipelines laying

With regard to the shape of indents 9 execution, they can 
be made in rectangular, triangular, or arched form, or in the 
form of two sections of rectangles, or in the form of any com-
bination of the above-mentioned forms (Fig. 2) in the existing 
wall 1 or in the layer of the facade insulation (Fig. 3–5).

Structural features of wall 1 of thermomodernized build-
ing in place of its connection to heating devices 7, 7’ deter-
mine a choice of a specific shape of making an indent 9. The 
above design features in wall 1 include the presence of cross-
ings with existing engineering networks (air conditioning 
systems, drains, low-current and power wiring, connection 
of lighting equipment), structural elements of the building’s 
facade. It is also necessary to take into consideration restric-
tions on the depth BD of possible indent 9 to avoid breaking 
the bearing capacity of the thermomodernized building 
(with insufficient width of existing walls).

9. Discussion of the results of modeling the energy-
efficient solutions for the implementation of 

thermomodernization

In the course of the study, we used the modeling method 
for the proposed design and constructive-and-technological 
energy-efficient solutions for the implementation of thermo-
modernization of Ukrainian buildings and structures. This 
method is the most expedient, since the cost of energy-ef-
ficient solutions to be made based on the results of the re-
search conducted is too high given the number of thousands 
of buildings that require thermomodernization. That is why 
these solutions require thorough studying, in particular, 
preliminary numerical and calculation and-experimental 
modeling.

By implementing solutions, which are protected by the 
Ukrainian patents for inventions (the method and the sys-
tem), it is proposed, in particular, to introduce new elements 
in the form of new transit pipelines of a two-pipe system 
of central water heating with the use of equivalent facade 
insulation into an integrated thermomodernization system.

As a result of the research conducted, we determined 
optimal geometric parameters, material of execution and 
a mutual placement of new elements of a thermomodern-
ization system. The obtained results show the prospects of 
the proposed design and construction-and-technological 
solutions for the thermomodernization of the Ukrainian 
housing stock, which has been in operation for longer than 
30 years. Their implementation will contribute to maintain-
ing comfortable living conditions and gradual reduction of 
household heating payments within 2−3 years from the time 
of implementation. It is also necessary to emphasize the sim-
plicity of the technical procedure for the implementation of 
the developed solutions for thermomodernization.

Directions for improving our original studies are to op-
timize the mutual placement of new transit pipelines with 
the attachment to locations of existing heating devices. 
Such an attachment should take into consideration a num-
ber of technical and physical factors, including geometrical, 
physical and heat engineering parameters of a facade wall, 
design temperature operation, and a climate zone. In this 
case, it is also advisable to take into consideration geo-
metrical, physical and heat engineering parameters of the 
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transit pipelines, pipe thermal insulation, equivalent facade 
insulation, etc.

10. Conclusions

1. As a result of experimental and numerical research 
and calculation study, we confirmed the prospects of the 
proposed innovative design and construction-technology 
solutions for the thermomodernization of residential build-
ings and structures, which involves modernization of a cen-
tral water heating system together with a facade insulation. 
The developed innovative design and construction-tech-
nological solutions lead to a significant reduction in the 
energy consumption of existing buildings and structures 
of the housing stock, which has been operated for longer 
than 30 years, and contribute to maintaining comfortable 
living conditions. Therefore, it is expedient to disseminate 
the results of present study among organizations that op-
erate housing infrastructure over corresponding years of 
commissioning.

2. We investigated distribution of a temperature field 
inside a building structure, temperature on the surface of a 
facade thermal insulation at the variation of its thickness for 
different forms of execution of new indents, where new pipe-
lines of a two-pipe system of central water heating are located. 
We established that the placement of pipelines in new indents 
made in existing external walls makes it possible to reduce the 
heat losses from these pipelines by 74 % compared with the 
placement in the layer of facade insulation at the side of a wall.

3. We investigated the dependence of time for cooling 
a heat-transfer agent at its complete cessation of movement 
through pipelines on the diameter of these pipelines. We 
obtained the optimal value of the layer of a facade insula-
tion, which leads to a 100 % protection against freezing of 
pipelines, even at the complete stop of a heat-transfer agent 
movement under given operational modes. We established 
that an increase in the thickness of a facade thermal insulation 
contributes to additional drainage of a building structure. 
This indirectly increases the efficiency of a system of complex 
thermomodernization, and, in turn, leads to an improvement in 
the thermal characteristics of the thermomodernized building.
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1. Introduction

Food security of the country and the well-being of peo-
ple are largely determined by the performance efficiency 
of agriculture, including livestock industry. High quality, 
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obtained without the development and implementation of 
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Запропоновано метод формування темпера-
турних режимів мікроклімату в тваринницьких 
спорудах різного функціонального призначення з 
застосуванням багатошарової гріючої підлоги. 
Розроблено структурну математичну модель, що 
дозволяє при заданому режимі роботи m-ярусних 
трубчастих нагрівачів з урахуванням теплопро-
відності кожного шару теплогенеруючих модулів 
визначати конструктивно-теплотехнічні пара-
метри. Це дає можливість забезпечувати фор-
мування оптимального температурного поля на 
поверхні багатошарової структури гріючої підлоги

Ключові слова: температурні поля, гріюча під-
лога, теплогенеруючі модулі, трубчасті нагрівачі, 
шарувата структура

Предложен метод формирования температур-
ных режимов микроклимата в животноводческих 
сооружениях различного функционального назна-
чения с применением многоуровневого греющего 
пола. Разработана структурная математиче-
ская модель, которая позволяет в зависимости от 
режима работы m-ярусных трубчатых нагрева-
телей с учетом теплопроводности каждого уров-
ня теплогенерирующих модулей определять кон-
структивно теплотехнические параметры. Это 
позволяет обеспечивать формирование оптималь-
ного температурного поля на поверхности много-
уровневой структуры греющего пола

Ключевые слова: температурные поля, грею-
щий пол, теплогенерирующие модули, трубчастые 
нагреватели, слоистая структура
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